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With genomes of up to 2.7 Mb propagated in µm-long oblong particles and initially predicted to encode 19 more than 2000 proteins, members of the Pandoraviridae family display the most extreme features of 20
the known viral world. The mere existence of such giant viruses raises fundamental questions about 21 their origin and the processes governing their evolution. A previous analysis of six newly available 22 isolates, independently confirmed by a study including 3 others, established that the Pandoraviridae 23 pan-genome is open, meaning that each new strain exhibits protein-coding genes not previously 24 identified in other family members. With an average increment of about 60 proteins, the gene repertoire 25
shows no sign of reaching a limit and remains largely coding for proteins without recognizable 26 homologs in other viruses or cells (ORFans). To explain these results, we proposed that most new 27 protein-coding genes were created de novo, from pre-existing non-coding regions of the G+C rich 28 pandoravirus genomes. The comparison of the gene content of a new isolate, P. celtis, closely related 29 (96 % identical genome) to the previously described P. quercus is now used to test this hypothesis by 30 studying genomic changes in a microevolution range. Our results confirm that the differences between 31 these two similar gene contents mostly consist of protein-coding genes without known homologs 32 (ORFans), with statistical signatures close to that of intergenic regions. These newborn proteins are 33 under slight negative selection, perhaps to maintain stable folds and prevent protein aggregation 34 pending the eventual emergence of fitness-increasing functions. Our study also unraveled several 35 insertion events mediated by a transposase of the hAT family, 3 copies of which are found in P. celtis 36 and are presumably active. Members of the Pandoraviridae are presently the first viruses known to 37 encode this type of transposase. 38 1 Introduction 40
The Pandoraviridae is a proposed family of giant dsDNA viruses -not yet registered by the 41
International Committee on Taxonomy of Viruses (ICTV) -multiplying in various species of 42
Acanthamoeba through a lytic infectious cycle. Their linear genomes, flanked by large terminal 43 repeats, range from 1.9 to 2.7 Mb in size, and are propagated in elongated oblong particles 44 approximately 1.2 µm long and 0.6 µm in diameter (Fig. S1 ). The prototype strain (and the one with 45 the largest known genome) is Pandoravirus salinus, isolated from shallow marine sediments off the 46 coast of central Chile (Philippe et al., 2013) . Other members were soon after isolated from worldwide 47 locations. Complete genome sequences have been determined for P. dulcis (Melbourne, Australia) 48 (Philippe et al., 2013) , P. inopinatum (Germany) (Antwerpen et al., 2015) , P. macleodensis 49 (Australia), P. neocaledonia (New Caledonia), and P. quercus (France) Legendre et al., 2018) , and 50 three isolates from Brazil (P. braziliensis, P. pampulha, and P. massiliensis) (Aherfi et al., 2018) . A 51 standard phylogenetic analysis of the above strains suggested that the Pandoraviridae family consists 52 of two separate clades (Claverie et al., 2018; Fig. 1 ). The average proportion of identical amino acids 53
between Pandoraviridae orthologs within each clade is above 70% while it is below 55% between 54 members of the A and B clades. Following a stringent reannotation of the predicted protein-coding 55 genes using transcriptomic and proteomic data, our comparative genomic analysis reached the main 56 following conclusions : 57 1) the uniquely large proportion of predicted proteins without homologs outside of the 58 Pandoraviridae (ORFans) is real and not due to bioinformatic errors induced by the above-59 average G+C content (>60%) of Pandoravirus genomes; 60
2) the Pandoraviridae pan genome appears "open" (i.e. unbounded); 61
3) as most of the genes are unique to each strain are ORFans, they were not horizontally 62 acquired from other (known) organisms; 63 4) they are neither predominantly the result of gene duplications, 64
The scenario of de novo and in situ gene creation, supported by the analysis of their sequence 65 statistical signatures, thus became our preferred explanation for the origin of strain specific genes. 66
In the present study, we take advantage of the high similarity (96.7% DNA sequence identity) 67 between P. quercus and a newly characterized isolate, P. celtis, to investigate the microevolution 68 processes initiating the divergence between Pandoraviruses. Our results further support de novo gene 69 creation as a main diversifying force of the Pandoraviridae family. 70 2 Materials and Methods 71 2.1 Virus Isolation, Production, and Purification 72 P. celtis and P. quercus were isolated in November 2014 from samples of surface soil taken at the 73 base of two trees (Celtis autralis and Quercus ilex) less than 50 meters apart in an urban green space 74 of Marseille city (GPS: 43°15'16.00"N, 5°25'4.00"E). Their particles were morphologically identical 75 to previously characterized pandoraviruses (Fig. S1 ). The viral populations were amplified by co-76 cultivation with A. castellanii. They were then cloned, mass-produced and purified as previously 77
described (Philippe et al., 2013) . 78
2.2
Genome and transcriptome sequencing, annotation 79
The P. celtis genome was fully assembled from one PacBio SMRT cell sequence data with the 80 HGAP 4 assembler (Chin et al., 2013) from the SMRT link package version 5.0.1.9585 with default parameters and the "aggressive" option=true. Stringent gene annotation was performed as previously 82
described . Briefly, data from proteomic characterization of the purified  83  virions were combined with stranded RNA-seq transcriptomic data, as well as protein homology  84 among previously characterized pandoraviruses. The transcriptomic data were generated from cells 85 collected every hour over an infectious cycle of 15 hours. They were pooled and RNAs were 86 extracted prior poly(A) + enrichment. The RNA were then sent for sequencing. Stranded RNA-seq 87 reads were then used to accurately annotate protein-coding as well as non-coding RNA genes. A 88 threshold of gene expression (median read coverage >5 over the whole transcript) larger than the 89 lowest one associated to proteins detected in proteomic analyses was required to validate all 90 predicted genes (including novel genes) ( The phylogenetic tree ( Fig. 1) was computed from the concatenated multiple alignment of the 105 sequences of Pandoravirus core proteins corresponding to single-copy genes. The alignments of 106 orthologous genes peptide sequences were done using Mafft (Katoh et al., 2002) . The tree was 107 computed using IQtree (Hoang et al., 2018) with the following options: -m MFP -bb 10000 -st codon 108 -bnni. The best model chosen was: GY+F+R5. Codon sequences were subsequently mapped on these 109 alignments. Ratios of non-synonymous (dN) over synonymous (dS) mutation rates for pairs of 110 orthologous genes were computed using the YN00 method from the PAML package (Yang, 2007) . 111
Filters were applied so that dN/dS ratios were only considered if: dN > 0, dS > 0, dS ≤ 2 and dN/dS ≤ 112 10. We also computed the Codon Adaptation Index (CAI) of P. celtis genes using the cai tool from the 113 Emboss package ( The P. celtis dsDNA genome sequence was assembled as a single 2,028,579 bp-long linear contig, 121 thus slightly shorter than the published 2,077,288-bp for P. quercus. Both contains 61% of G+C. The 122 two genomes exhibit a global collinearity well illustrated by a dotplot comparison of their highly 123 similar nucleotide sequences (Fig. 2) . In particular, their 48.7 kb difference in genome size does not 124 obviously correspond to a large non-homologous region or a large-scale duplication. Both genomes 125 begin by a nearly perfect 19-kb long palindrome (labelled "P" in Fig. 2 ). As we did not observe this 126 feature in the other published pandoravirus sequences, it may be specific of P. celtis and P. quercus, 127 or its absence in other genomes may result from flaws in the assembly of terminal sequences due to 128 insufficient read coverage or quality. Six kb downstream, P. quercus exhibits a segment ([25, 43,420]) nearly identical (20 indels) to the distal end of the genome, inverted (labelled "T" in Fig. 2 ). 130
Remnants of a similar feature appear blurred in P. celtis, but are absent from the other pandoravirus 131 genomes. As these regions are accurately determined, we can infer that a duplication followed by an 132 inversion/translocation of the distal genome terminus occurred in the ancestor of P. quercus and P. 133
celtis (between node 8 and 9 in Fig. 1 ). 134
The next noticeable structural rearrangements consist of three segments denoted S0, S1, and S2 in 135 probably active (Atkinson, 2015) . Using these sequences as queries, we readily identified other well-140 conserved hAT transposase homologs in P. pampulha (ppam_cds_67, cds_531, cds_663), P. predicted function, and no recognizable homologs outside of the Pandoraviridae (i.e. they are "family 147
ORFans"). S1 encodes 11 proteins (pclt_cds_672-682) all of which also have no functional attributes 148
and are family ORFans, except for the transposase. S2 encodes 7 proteins (pclt_cds_865-871), all of 149 which have no recognizable signature (except for the transposase and a F-box domain for 150 pclt_cds_870). Besides the transposase, a single protein have paralogs in the S0, S1, and S2 151 transposons (pclt_cds_92, 681, 869), and one is only shared by S0 and S1 (pclt_cds_94, 678). These 152 differences clearly suggest that S0, S1, S2 are not the results of recent duplication/transposition events 153 from a common template. 154 A tentative scenario for the insertion of the P. celtis hAT transposons was inferred from their 155 presence/absence in P. quercus and the sequence similarity of the transposases. The S1 transposon is 156 the only one shared between the two strains ( Fig. S2 ). Moreover, all the orthologous proteins 157 encoded in S1 are 100% identical (pclt_cds_672-682 vs. pqer_cds_619-610), including the 158 transposases (pclt_cds_672 and pqer_cds_619). A first possibility is that the S1 segment was already 159 present in the ancestor of P. celtis and P. quercus (Fig. 1 , node 9), then was inverted and translocated 160 about 70 kb downstream from its initial location in P. celtis. However, since this transposon is absent 161 from P. inopinatum (diverging after node 8, Fig. 1 ), it may have been independently gained from the 162 same source into P. celtis and P. quercus just after their divergence as two variants within the local 163 viral population. Interestingly, an unrelated sequence of 30.5 kb was inserted at the homologous 164 positions in P. quercus (pos. 1,177,379-1,207,935) ( Fig. S2 ). This insertion encodes 24 proteins 165 (pqer_cds_659-682) 13 of which are anonymous and ORFans (i.e. only homologous to other 166 Pandoravirus proteins), the other exhibiting uninformative motifs such as ankyrin repeats 167 (pqer_cds_668, 669, 674-676, 680), F-box domains (pqer_cds_681, 682), Morn repeat 168 (pqer_cds_661) and Ring domain (pqer_cds_670). One protein (pqer_cds_673) exhibits a low (E<10 -169 2 ) and partial similarity with a domain found at the N terminus of structural maintenance of 170 chromosomes (SMC) proteins. However, none of the proteins encoded by this insertion bears any 171 similarity with a hAT family transposase making the mechanism and the origin of this insertion all 172 the more puzzling. 173
Finally, the proposed scenario concerning S0 and S2 are simpler. As the two corresponding 174 transposases (pclt_cds_98 and pclt_cds_871) are only 91% identical to each other and less than 67% 175
identical to pclt_cds_672, we propose that they resulted from two independent insertion events that 176 occurred after the P. quercus/P. celtis divergence, from distinct templates with little overlap in their 177 gene cargo (pclt_cds_92 and 869) besides active transposases. An alternative scenario, would assume 178 the presence of S0 and S2 in the P. quercus/P. celtis ancestor, and their subsequent excision in P. 179
quercus. This scenario is less likely as P. inopinatum (Fig. 1 , node 8) does not encode any hAT 180 transposase. 181
Tandem duplications 182
Approximately 28 kb downstream from the S2 transposon (absent in P. quercus), the P. celtis vs. P. 183
quercus dot plot indicates a cluster of closely interspersed direct repeats ( Fig. S3 ) coding for 184 paralogous proteins that all contain a highly conserved N-terminal fascin-like domain (CD00257). 185
This 80-residue long domain is found in actin-bundling/crosslinking proteins. Many copies of these 186 proteins are found in each of the known pandoraviruses. There are 17 (full-length) copies in P. 187 quercus, and 14 in P. celtis, the paralogs sharing from 100% to 40% identical residues. Using 188 standard phylogenetic analysis each of the P. celtis paralogs are unambiguously clustered with P. 189
quercus counterparts in 14 orthologous pairs, indicating that the multiplication of these proteins took 190 place prior to their divergence ( Fig. S3 ). As the 3 additional P. quercus paralogs (pqer_cds_130, 131 191 and 870) with no obvious counterpart in P. celtis are not very similar to other P. quercus paralogs 192
(max is 72% sequence identity between pqer_cds_870 and pqer_cds_869), it is unlikely that they 193 arise from post-divergence duplications. The most parsimonious scenario is thus that their 194 counterparts have been recently lost by P. celtis. In a dot plot, the pqer_cds_130 and pqer_cds_131 195 genes correspond to a 4 kb deletion at position 224,500 in P. celtis. The remaining pqer_cds_870 is 196 located in a dense cluster of 6 contiguous paralogs (pqer_cds_866-871) in P. quercus, clearly 197 homologous to a similar cluster of 5 contiguous paralogs (pclt_cds_884-888) in P. celtis (Fig. S3 ). 198
The deletion of a short segment of the P. celtis genome is visible at this exact position (1,487,500). 199
3.3
Core genes and pan genome update 200
We previously designed a stringent gene annotation scheme to minimize overpredictions in G+C-201 rich genomes. In particular, genes predicted to encode proteins without database homolog (i.e. 202
ORFans) were required to overlap with detected sense transcripts to be validated ( 68%. This confirms that the lack of database homologs is not caused by bioinformatics 209
overpredictions . P. celtis and P. quercus shared an average of 96.5% identical 210 residues, as computed from 815 unambiguous orthologous proteins encoded by single copy genes 211 (i.e. w/o paralogs). 212
We previously showed that the comparison of the first six available Pandoravirus genomes rapidly 213 converged toward a relatively small set of common genes, corresponding to 455 distinct proteins 214 (clusters) ). An even smaller estimate (352) was subsequently proposed by 215
another laboratory using a different clustering protocol and strains (Aherfi et al., 2018) . Now based 216 on the ten fully sequenced Pandoraviruses and an optimized clustering protocol (see Materials & 217 Methods), the Pandoraviridae core gene set was found to contain 465 genes, close to the asymptotic 218 limit suggested by Fig. 3 . Including P. celtis in the analysis caused the removal of a single protein 219 from the list. Its homolog in P. quercus is pqer_cds_672, a 220-residue protein w/o recognizable 220 functional attribute or homolog outside of the Pandoraviridae. Compared to the average number of 221 distinct proteins encoded by individual Pandoravirus genomes, the proportion of those presumably 222 essential is thus less than half. On the other hand, the predicted gene content of P. celtis further 223
increased the Pandoraviridae pan-genome. Despite its overall close similarity with P. quercus, P. 224 celtis remains on a growth curve whereby each new randomly isolated Pandoravirus is predicted to 225 add about 60 distinct proteins to the total number of protein clusters already identified in the family 226 (Fig. 3) . The process by which such addition could arise was further investigated by a detailed 227
comparison of the genomes of the most similar relatives, P. quercus and P. celtis. 228
3.4
Protein-coding genes unique to P. celtis or P. quercus 229
Given the strong similarity between the two genomes, determining their difference in gene content is 230 straightforward. However, these differences can be due to various mechanisms: the duplication of 231 existing genes, their differential loss, their acquisition by horizontal transfer, or their de novo 232 creation. Here we wanted to focus on the later mechanism, previously proposed to be prominent in 233
the Pandoraviridae family . The candidate genes most likely resulting from de 234 novo creation would be those unique to P. celtis or P. quercus. If there are no homolog in any of the 235 other Pandoraviridae, de novo creation (or acquisition from an unknown source) becomes the most 236 parsimonious evolutionary scenario, compared to a scenario whereby such a gene, present in an 237
ancestral Pandoraviridae would have been independently lost multiple times. The 33 protein-coding 238 genes unique to P. celtis (N=12) and P. quercus (N=21) are listed in Table 1 . As previously noticed 239 , these presumed novel genes are associated with statistics that are 240 significantly different from other pandoravirus protein-coding genes. They exhibit a lower Codon 241
Adaptation Index (CAI= 0.227 vs 0.352, p < 10 -8 ), a lower G+C content (56.9% vs 64.7%, p < 10 -10 ), 242
and encode smaller proteins (length (aa) =123.9 vs 387.3, p < 10 -14 ). The two later characteristics 243 make them similar to the random ORFs found in intergenic regions (i.e. the so-called "protogenes") 244 from which we proposed they originated. 245
We also noticed that the proteins encoded by the novel genes exhibit an amino-acid composition 246 widely different from the rest of the predicted proteome (Chi-2, df=19, p<10 -5 ), with the largest 247 variations observed for lysine (increasing from 2.1% to 4.6%), phenylalanine (2.3% to 4.2%), and 248 arginine (8.6% to 11.7%). Owing to the anomalous proportions of these residues, 28 out of the 33 249 novel P. celtis and P. quercus unique proteins are predicted to be DNA-binding (Szilágyi & 250 Skolnick, 2006) (Table 1) . Although such predictions are subject to caution (as the predictions 251 remains the same for shuffled sequences) binding novel proteins to the viral genome might help in its 252 protection as well as in precluding loosely folded (i.e. intrinsically disordered) proteins to interfere 253 with the rest of the viral proteome. Over time, these proteins may also gain some regulatory 254 functions. 255
We investigated the putative intergenic origin of these 33 strain-specific protein-coding genes by 256 searching for remote sequence similarity in the genome of all other Pandoraviruses, using tblastn 257 (protein query against six reading frame translation, E<10 -3 ) (Sayers et al., 2018) . For eight of them, 258 two unique to P. celtis and six unique to P. quercus, we found no similarity within the non-coding 259 moiety of other pandoraviruses. Our most parsimonious interpretation is that they represent recent 260 independent additions in each genome by de novo creation or transfer from an unknown organism 261 w/o known relative. A slightly less parsimonious scenario would be their addition prior to node 9, 262 followed by differential losses in P. quercus or P. celtis. Remote but significant (E<10 -3 ) similarities 263
were detected for the 25 other novel genes within non-coding regions of other pandoraviruses, all of 264 them members of Clade A (Fig. 1) . These positive matches were distributed as followed: five in 265 strains that diverged since node 9, eleven in all strains that diverged since node 8, three in all strains 266 that diverged since node 5, and six in all strains that diverged since node 2. We did not detect 267 significant matches in earlier diverging Clade B members. The distribution of these traces in 268 pandoraviruses at various evolutionary distances is interpreted in the discussion section. 269
Selection pressure on new genes 270
Protein-coding genes shared by at least two different Pandoraviruses provide an opportunity to 271 estimate the selection pressure acting on them by computing the ratio of nonsynonymous (dN) to 272 synonymous (dS) substitutions per site. We computed the dN/dS ratio of genes shared by 273 increasingly close Pandoraviruses, dating their creation or acquisition by reference to the 274 corresponding node in the Pandoravirus phylogenetic tree (nodes 1 to 9 in Fig 1) . All pairs of 275 orthologous gene sequences were thus analyzed using the YN00 algorithm from the PAM package 276 (Yang, 2007 ) and assigned to their most likely creation/acquisition node based on their presence or 277 absence in various clades of Pandoraviruses. As shown in Fig. 4 all genes are on average under 278 negative selection pressure (dN/dS < 1), including the presumably most recently created/acquired 279 genes as those only found in P. quercus and P. celtis (i.e. node 9 in Fig. 1 ). As previously 280
documented for short evolutionary distances and very close gene sequences (our case), the computed 281 dN/dS values are probably overestimated (i.e. closer to 1) given that a fraction of the deleterious 282 mutations might not yet be fixed (Rocha et al., 2006) . This is consistent with the observed negative 283 correlation between the depth of creation/acquisition and the computed purifying selection (Fig. 4) . 284
In other words recently created/acquired genes appear under selective constraints weaker than that of 285 "older" genes. The fact that dN/dS values tend to decrease with longer divergence times was 286 previously noticed (Rocha et al., 2006) . sustaining a trend predicting that each new isolate will contribute 60 additional clusters. 312
Understanding the mechanism by which new genes, -most of which encode ORFan proteins -, 313 appear in the genome of pandoraviruses was the main goal of our study. 314 315
As we investigated the most visible alterations of the otherwise nearly perfect collinearity of the P. 316 celtis and P. quercus genomes, we identified 3 transposons of the hAT family (S0, S1 and S2 in Fig.  317 2). The cargo of these mobile elements was found to be variable in gene number (10 for S0, 11 for S1, 318
and 7 for S2) and with a single overlap (pclt_cds_92, 681, 869) in addition to the transposases. These 319 by-standing proteins exhibit no functional signature and have no homolog outside of the 320
Pandoraviridae family. Interestingly, hAT family transposases have recently been identified in 321 various Acanthamoeba species (Zhang et al., 2018) . However, the gene contents of the P. celtis and 322 P. quercus hAT transposons indicates that these mobile elements are not prominent vehicles of 323 lateral gene transfers from the amoebal hosts to the pandoraviruses. With the exception of 324 pclt_cds_870 (encoded by S2), newly inserted transposons do not contribute genes unique to P. celtis. 325
The hAT transposable elements only appear to ferry genes between pandoravirus strains, generating Zhang et al., 2018) suggests that its transfer from host to virus is a rare event, or is specifically linked 331
to Pandoravirus infections. 332 333
This work identified 33 genes unique to P. celtis or P. quercus (Table 1) that we interpreted as 334 encoding novel proteins that appeared after the recent divergence of these two strains from their 335 common ancestor (i.e. below node 9 in Fig. 1) . These new genes are uniformly distributed along the 336 P. celtis and P. quercus genomes, and do not co-localize with large genomic insertions or 337 rearrangements, except for pqer_cds_665 and pqer_cds_673 encoded by the 30.5 kb segments unique 338 to P. quercus (section 3.1). As noticed in our previous study all these proteins 339 are strict ORFans (not detected in any other organism, virus or other pandoravirus strains) and exhibit 340 statistical features different from other pandoravirus genes, including a G+C content closer to that of 341 non-coding/intergenic regions. We thus proposed that new proteins could be de novo created by the 342 triggering of the transcription and translation of pre-existing non-coding sequences (the so-called 343 "protogenes"). Here we further investigated this hypothesis by looking for eventual similarities of the 344 new protein coding sequences with non-coding regions in other pandoraviruses at increasing 345 evolutionary distances (Fig. 1) . For 10 of the 12 new P. celtis proteins and 15 of the 21 new P. 346
quercus proteins we detected significant non-coding matches in various pandoravirus strains, in good 347 agreement with their phylogenetic relationships. Trace of 5 new genes were only detected at the level 348 of node 9, 11 at the more ancient node 8, 3 at the node 5, and 6 at the root (node 2) of the clade A 349 pandoraviruses. Although these numbers are small and subject to fluctuations, such a distribution of 350 hits suggests an evolutionary process combining a continuous spontaneous generation of protogenes 351 followed by their drift as non-coding sequences, unless they are turned into a protein and fixed in a 352
given strain. The maximum value of detected traces at node 8 might thus result from a compromise 353 between the time interval required to generate enough non-coding protogenes, and the time during 354 which they retain a detectable similarity with the proteins they would eventually generate. 355 356
The fact that a negative selection pressure (dN/dS <1) is associated to the genes appeared since the 357 divergence of P. celtis and P. quercus decisively reinforces the hypothesis of their de novo creation. 358
Firstly, it provides the proof that these genes are truly expressed as bona fide proteins, given that 359 differences between synonymous vs. non-synonymous mutations cannot be generated within non-360 translated nucleotide sequences. Any significant deviation from neutrality (dN/dS ≈1) can only be 361 due to a selection process exerted on certain amino acids at certain positions of a true protein in order 362
to improve, preserve, or eliminate its function. 363 364
The analysis of proteins whose creation appears most recent (node 9 in Fig. 4 ) indicates a negative 365 selection pressure whose (probably overestimated) average value (0.58) could correspond to 366 functions slightly increasing the pandoravirus fitness. However, the interpretation of the selection 367 pressure in the context of a function is a problem here, since we previously pointed out that it is 368 highly unlikely that a newly created small protein will have a function (enzymatic, regulatory or 369 structural) in the first place, even less a beneficial one . 370
Thus, we propose an alternative interpretation, based on the knowledge accumulated over the years 371 on the principles governing the stability of proteins. According to our scenario, most new proteins are 372 from the translation of pre-existing non-coding "protogenes" (see 3.4) and the rest from DNA inserts 373 of unknown origin (such as pqer_cds_665 and pqer_cds_673). It is then unlikely that many of these 374 new proteins lacking an evolutionary history will adopt a globular fold (Watters et al. 2006 ; 375 Monsellier & Chiti, 2007; Tanaka et al., 2010) . Most will be toxic by causing nonspecific 376 aggregations within the host-virus proteome and be quickly eliminated through the reversal of these 377 newborn viral genes to an untranscribed/untranslated state. In contrast, proteins whose folded 3-D 378 structures do not prove to be toxic will enter an evolutionary process involving a negative selection 379 pressure promoting the conservation of the amino acids responsible for their stability. Their 380 proportion has been estimated at about 34% for 100-200 residue proteins (Miao et al., 2004) . In 381 absence of an initial function, the other positions/residues will evolve in a neutral manner. Once 382 "fixed", the new genes will exhibit an average selection pressure lower than one, combining 1/3 of 383 negative selection with 2/3 of neutrality. Following many studies that have concluded that efficient 384
folding (Watters et al., 2006) and prevention of aggregation are important drivers of protein evolution 385 (see Monsellier & Chiti, 2007) , our scenario predicts that many genes specific to pandoraviruses 386 should encode proteins not increasing their fitness, but whose stable 3-D structures may eventually 387 serve as innovative platforms for new functions. 388 389
In conclusion, the detailed comparative analysis of P. celtis with its very close relative P. found that locally repeated regions are the siege of a competition between tandem duplication and 401 gene deletion, locally reshaping the genomes without contributing to net genetic innovation (Fig. S3 ). 402
In continuity with our previous work on more distant pandoravirus strains, we found that the 33 403 protein-coding genes born since the divergence between the very close P. quercus and P. celtis 404 strains derived from preexisting non-coding sequences or small DNA segments of unknown origin 405 inserted at randomly interspersed locations. These non-coding regions, turned on in a given 406 pandoravirus strain, could remain silent or diverge beyond recognition in others. These results add 407 strong support to the constant de novo creation of proteins, few of which are retained with a little 408 impact on the virus fitness until eventually acquiring a selectable function. were partly supported by the Proteomics French Infrastructure (ANR-10-INBS-08-01) and Labex 419 GRAL (ANR-10-LABX-49-01). We thank the support of the discovery platform and informatics 420 group at EDyP and the PACA-Bioinfo platform. 421 422 7
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